Abstract-3D printing has been an emerging fabrication tool in prototyping and manufacturing. We demonstrated a 3D microfluidic simulation guided computer design and 3D printer prototyping for quick turnaround development of microfluidic 3D mixers, which allows fast self-mixing of reagents with blood through capillary force. Combined with smartphone, the point-of-care diagnosis of anemia from finger-prick blood has been successfully implemented and showed consistent results with clinical measurements. Capable of 3D fabrication flexibility and smartphone compatibility, this work presents a novel diagnostic strategy for advancing personalized medicine and mobile healthcare.
I. INTRODUCTION
Clinical diagnosis involving central facility and site visits can be a huge burden for patients with complex management, especially in resource limited or rural areas. Point-of-care (POC) diagnosis has been an emerging field for advancing healthcare accessibility and affordability, which leads to faster results, timely interventions and excellent efficacy [1] . Microfluidic lab-on-a-chip technology is a promising approach for POC diagnosis [2, 3] . However, microfabrication of microfluidic devices always requires a scientific laboratory setting with expensive infrastructure. While relatively inexpensive fabrication techniques exist, such as microfabrication of polymer-based (PDMS) microfluidic devices [4, 5] , the protocols utilize lithographic fabrication of molds for replicating polymer chips and require skilled professionals. In addition, paper-based microfluidic chips or test strips are sensitive to environmental conditions (e.g., humidity), and require laboratory conditions for mass production [6, 7] . In strong contrast, a consumer-grade 3D printer (~$3,000) integrates all of the necessary fabrication resources in one instrument and incorporates multi-step protocols in one button touch, allowing highly versatile microfluidic devices to be made at low cost [8, 9] . 3D printing has been applied in microfluidic technology and showed tremendous potential in tissue engineering and chemical sciences [9] . However, the application of 3D printer in POC diagnosis and disease management in combination with smartphone technology has not been well explored yet.
Hereby, we demonstrated a 3D microfluidic simulation guided computer design and 3D printer prototyping for quick turnaround development of microfluidic auto-mixers. The ANSYS 3D microfluidic simulation was used to guide design and prototyping, which enables quick study and tests of *Resrach supported by K-State Foundation and NIH NIGMS P20 GM103418.
Authors are with the Department of Biological and Agricultural Engineering, Advanced Manufacturing Institute, College of Engineering, Kansas State University, Manhattan, KS 66506 USA (corresponding author to provide phone: 913-307-7383; e-mail: meih@ksu.edu). different geometries and structures that are optimized for capillary-force driven auto-mixing. In addition to generating a POC microfluidic device, a 3D printer can produce a mounting frame for interfacing to a generic mobile phone or tablet camera. Without requirement of external pump or power supply, the capillary-driven auto-mixing of oxidant reagents with finger-prick blood in the micromixer resulted in a color-scale readout for ascertaining hemoglobin levels. Integrated with smartphone data collection and transmission, self-diagnosis of anemia from a finger-prick blood was successfully implemented, which showed consistent results with clinical measurements (Fig. 1) .
Anemia is widespread among 2 billion people in both developing and developed countries, affecting over half of pre-school children and pregnant women. Anemia often causes high fetal mortality and abnormalities, premature deaths, low birth weight infants, and retarded brain development. Anemia screening is highly recommended for infants and pregnant women by the U.S. Preventive Services Task Force and other developed countries [10] . However, solving the bottleneck in control of anemia requires more accessible screening tool which can eliminate distance barriers. Our pilot study, capable of 3D fabrication flexibility in ultralow cost (<0.5 $ per test), represents a key step towards advanced mobile healthcare for control of anemia (Fig 1) .
II. METHODS
Conventional microfabrication struggles with 3D design, due to complicated protocols for accurate alignment and multi-layer bonding. In contrast, we used a laptop-sized 3D printer (D3 ProJet 1200, 30 m resolution) for concept-to-chip fabrication by directly importing an AutoCAD digital design into the printer to create a monolithic microfluidic chip (Fig. 1a) involving human subjects described in this paper were approved by the K-State Institutional Review Board (IRB  #8032) III. 3D MICROFLUIDIC SIMULATION 3D computational fluid dynamic (CFD) simulation was performed in order to investigate effective capillary-force driven auto-mixing in microfluidic mixer. Flow behavior in several three-dimensional microfluidic channels and micro-structures has been studied. In the case of capillary driven flow, the surface tension forces and the viscous forces (frictional drag) are the governing forces in microfluidic channels [11] , and the gravitational force can be ignored [12] , which is demonstrated by low Bond numbers. The dominant viscous force is governed by low Reynolds numbers which lead to a laminar flow. For an incompressible flow in microfluidic channels, the flow can be represented by the Hagen-Poiseuille distribution [13] . The auto-mixing flow rate is determined by a force balance between the capillary force and the frictional force. The capillary force can be represented by the Young-Laplace equation:
Where Δ is pressure drop; is surface tension,  is the contact angle, and is the channel diameter. The frictional drag force for laminar flow in a round channel can be represented by:
Where Re is the Reynolds number (VD/m), L is the wetted length, V is the flow velocity, and  is the density. Equating the two equations above results in the following relation:
As shown, the capillary-force induced flow rate is governed by geometry and fluid properties. Thus, the velocity of capillary flow is fast at short wetted lengths while slow at long wetted lengths. However, the contact angle is not constant in such dynamic flow, and it affects the capillary flow rate [14] . The flow rate will increase with larger channel diameters, until gravitational force and inertial forces will become more relevant. On the other hand, at small diameters the flow becomes extremely slow due to the drag force overpowering the surface force. Hence, the theoretical analysis gives an applicable dimension regime of microchannels for a capillary force driven flow, ranging from ~100 m to 2 mm in diameter with Reynolds numbers below 500. The typical capillary flow rate in a microchannel with 500 m in diameter and 22 mm in wetted length is about 75 mm/s.
We initially designed three microfluidic mixers: split and recombination (SAR, Fig. 2a ), serpentine channel (Fig. 2b) , and ring channel (Fig. 2c) . The "Y" shape channel was used for introduction of two flows, which was connected to the mixing units (500 m diameter). A round circular chamber was implemented as a view window. The SAR micromixer [15] was adapted from previously published work from Lee et. al., which was fabricated using PDMS by complicated multi-layer alignment and bonding. In contrast, we fabricated by one-touch 3D printing (Fig. 3a) . In a SAR micromixer, solutions are divided into an upside and a downside as part of the 'split' process. Split solutions are then arranged laterally by the guiding wall. The split and recombination process increases interfaces exponentially by laminating interfaces continually along the channel. Serpentine channel [16] is a classic design used for microfluidic mixing [17] . However, due to negligible chaotic advection at low Reynolds number, it has been found that a basic serpentine microchannel is not suitable for fast mixing [18] . By combing elements of the split and recombination structure with the serpentine structure, we came up with a ring channel design (Fig. 2c) . We established a CFD model for simulating blood flow mixed with aqueous solution in the three micromixers. As shown in Fig 2d flow-through straight channel, the two flows were unable to mix. The sharp boundary between two flows demonstrated the time frame for diffusive mixing which was much longer than the time needed for traveling through the micromixer under capillary-force. Simulation of the SAR micromixer showed the blood flow was mixed completely with the aqueous solution, after passing through the third SAR unit. We also simulated the blood mixing profile in "ring-shape" micromixer. Although ring channel directed flow to split and recombine, two flows were unable to crossover, and continue to flow side by side. The initial simulation results led us to a novel design by twisting the ring structure 90 in the x-y plane with respect to the "Y" inlet (see Fig 2d, the fourth figure) . Thus, two flows can be split in a manner that causes the interface to travel through the ring section. Due to the large amount of chaotic advection occurred, fast mixing can be achieved in a more compact 3D micro-structure. For serpentine micro-mixer, due to the long channel of serpentine (~ 255 mm), the capillary driven flow rate was relatively slow and required more time for fluids to flow through the device (minuets), which consequently provided ample time for diffusive mixing. On the contrary, the SAR and ring micromixers have relatively short lengths (~ 30 mm), resulting in high capillary driven flow rates and fast mixing times (less than a second). All three of these designs have Bo numbers less than 1, indicating capillary force is dominant and have Reynolds numbers ranging from 11 to ~450. In order to get quick mixing of blood with reagents, we chose the twisted ring channel micro-mixer for following tests.
IV RESULTS AND DISCUSSION
A 3D printer was used for quick prototyping. The objetcs were designed in CAD software and converted into STL files. The files were then imported into a desktop size D3 ProJet 1200 3D printer with a build area of 43 mm  27 mm  150 mm and a physical pexel size of 56 m  30 m. The printing chamber contains a vertically moving stage where printed 3D objects are built. After the printing was completed, the 3D object was washed with isopropyl alcohol and the uncured resin was flushed out by an air compressor. The printing quality was characterized by scanning electron microscopic (SEM) imaging of micro-structures. We printed a number of structures, as well as three micromixer designs, to evaluate the printing capability and quality (Fig. 3) . The SAR and ring micromixers can be readily printed out in less than 10 mins without reqirement of extra equipment. Note that traditional PDMS fabricated SAR micromixer needs complicated alignment and multi-layer bonding, which takes more than one day to complete. The angled view in Fig 3b showed the three-dimensional structure of the twisted ring channel. The serpentine channel can be well printed as shown in Fig 3c. Other basic structures often used in microfludic chips, including post arrays (Fig. 3d and e) , micro-well (Fig. 3f) , and "D" shape microchannel (Fig. 3g) , were characterized as well. Close examination of SEM images reveals detials of printing layers, due to the minimum pixel resolution (30 m), such as "stair"-looking of "D" shape in Fig. 3g . We demonstrated 3D printing of a "D" shape microchannel with 200-m diameter.
A smaller channel can be printed, however, uncured resin is difficult to clear from inside of channel. We suspect that remaining resin in such smaller channels may be partially cured, creating high backpressure when cleaning. Developing new resin with lower viscosity and longer curing time may solve this issue [19] .
The transparent clear resin consists of modified acrylate monomer and photoinitiator. The cost for printing each 3D microfluidic chip is less than 50 cents. The cured resin is a bit hydrophobic as indicated by measuring contact angle (Fig. 4a) . Therefore, we developed a simple chemistry protocol for treating 3D printing material into hydrophilic property. A 0.1 M KOH aqueous solution was used to activate resin surface. 3D printed micromixer chips were immursed into a pure ethylene glycol solution containing 1.82 M KOH, and incubated at 60C for 2 hrs [20] . Afterwards, the 3D chips were rinsed with water. The contact angle of DI water was measured to note the hydrophilicity of the 3D printed microfluidic chip, in comparison to PDMS and glass materials. As we observed from Fig. 4a , the hydrophilicity was significantly improved and provided stable capillary driven force for auto-mixing of blood with reagents. The hydrophilically treated 3D chips can be stored in water solution for reuse for several days, which maintains a stable surface chemistry. We further characterized the surface chemistry by fourier transform infrared spectroscopy (FTIR). As seen from Fig 4b, untreated surface spectra shows a lack of an OH stretch between 3000-3750 cm -1 , compared to the treated 3D printing material which exhibits strong OH stretches, indicating successful hydrophilic surface treatment. Such hydrophilic surface provides stable capillary force for auto-mixing of blood with reagents.
We further applied this 3D printed microfluidic auto-mixer for measuring Hemoglobin (Hgb) blood levels based on color-scale readout, with only ~ 5 L blood required from a finger prick. Hemoglobin (Hgb) level is the primary laboratory parameter for the clinical diagnosis of anemia. Current gold standard for diagnosing anemia is a complete blood count (CBC) using a hematology analyzer via venous blood, which requires a blood draw by a trained phlebotomist and needs electrical power to operate in centralized hospitals or clinics. Limited efforts have been made to develop low-cost, smartphone compatible, blood Hgb tests for low-resource settings. To this end, our auto-micormixer possesses the advantages of low-cost and easy mass-production without power requirement. The visual readout from the micromixer reaction chamber is based on the 3,3',5,5'-tetramethylbenzidine (TMB) oxidation-reduction reaction with blood hemoglobin as a catalyst. Thus, depending on the ratio of charge transfer status of TMB, the resultant visual colors span blue, green, yellow, orange, and red [21] . The quantitative measurement of Hgb is demonstrated in Fig.  4 c and d . Here, we use twisted ring design for fast mixing of blood with reagents in one second for color development.
Standard spectrophotometry was used to analyze colorimetric assay in comparison to microfluidic mixer readout. The color images collected from iPhone4 can be consistantly obtained for digitized, quatitaive analysis, which was calibrated to standard spectrophotometry for quantitative measurement of Hgb. Fig 4 d demonstrated the diagnosis of anemic patient and healthy individual. Blood from a healthy donor showed Hgb level in line with the WHO recommended cutoff.
V. CONCLUSION
We developed a novel approach using 3D microfluidic simulation guided computer design and 3D printer for quick turnaround prototyping of microfluidic auto-mixers. Without requirement of external power and pump, auto-mixing of reagents with blood in micromixer has been established through capillary force, which allows finger-prick blood-based assay. The overall cost per assay is less than 1 dollar. Combined with smartphone, the self-diagnosis of anemia from finger-prick blood has been successfully implemented, which presents a novel diagnostic strategy for advanced mobile healthcare.
